A B S T R A C T The effect of dietary calcium intake on calcium metabolism was studied in eight normal volunteers by multicompartmental analysis of radiocalcium and balance data. In paired studies of six normal subjects on normal and high or low calcium intakes, necessary and sufficient criteria were used to determine changes in calcium metabolic parameters produced by alterations in dietary calcium. These changes involved gastrointestinal calcium absorption rate, renal and endogenous fecal rate constants, and bone resorption rate. Bone accretion rate and compartment sizes need not change between the paired studies. The changes of parameters involving kidney, gut, and bone were in a direction to support calcium homeostasis and were compatible with the pattern of changes produced by parathyroid hormone. However, the source of the stimulus for hormone secretion was not apparent since plasma calcium concentrations showed no significant difference between paired studies. The implications of these findings relative to control of hormone secretion, calcium regulatory mechanisms, and metabolic bone disease are discussed.
INTRODUCTION
The clinical significance of dietary calcium intake is well recognized. High or low calcium dietary intakes have been included in the therapeutic regimen for a number of metabolic disorders in man (1) (2) (3) (4) . To date, the evidence supporting these dietary approaches to therapy has been accumulated through animal studies and analysis of various disease states by balance and tracer techniques (5) (6) (7) (8) (9) (10) . However, no distinct pattern of metabolic response to dietary calcium perturbation has yet emerged. It is the purpose of this report to demonstrate the response in calcium metabolism to dietary calcium perturbation in normal human subjects and to relate these responses to calcium homeostasis.
METHODS
Materials. Eight normal volunteers were studied on the Metabolism Branch of the National Cancer Institute. Each had normal screening studies which included physical examination, complete blood count, serum calcium, phosphorus, creatinine, alkaline phosphatase, urinalysis, sterile urine culture, and chest and bone X-rays. All studies were done with the subjects kept indoors in air-conditioned wards and with controlled physical activity. Metabolic diets of constant composition were ingested by the subjects for the duration of the study. Paired metabolic balance and kinetic studies were done on six of the volunteers. In the paired studies, each subject was equilibrated for 4-6 wk on 800 mg of calcium and 1200 mg of phosphorus daily dietary intake before the initial study. Another 4-6 wk were allowed for reequilibration at a new level of dietary calcium intake before starting the second calcium kinetic and metabolic balance study. Three of the six subj ects had their dietary calcium intakes reduced to 200 mg/day. The other three had their calcium intake increased to 2000 mg' of calcium per day. The increase in calcium intake was accomplished with milk in the case of K. B. (subject No. 6 ) with an accompanying increase in phosphorus intake. In R. M. (subject No. 4) and S. C. (subject No. 5), calcium lactate tablets were given. Two other subjects (Nos. 7 and 8) were studied on high and low calcium intakes without a preceding study on 800 mg of calcium intake. In total, four subjects were studied on low calcium intake and four subj ects on high calcium intake. The summary of the studies on the eight subjects is given in Table I The parameter values on high or low calcium intakes are shown below the values on base line (800 mg/day) dietary calcium intake. For explanation of the symbols, see Fig. 1 . The parameter values from 47Ca kinetics were obtained from the constrained paired studies (see text), in which Vo+ and MT were held constant.
10 ,uc of "7CaCl, dissolved in 2.0 ml of sterile isotonic saline was given in a rapid intravenous injection on the morning of the 1st day of the study. Serum calcium specific activity, as well as urine and fecal cumulative radioactivity, were monitored for 18 days. During this same period, balance data for calcium, phosphorus, and nitrogen were collected in three 6-day pools. The isotope counting techniques and the methods used for balance collections and chemical determinations have been previously described (11) .
Data analysis. The kinetic behavior of the calcium isotope as seen in serum, urine, and stool can be described by a four compartment model. Although many four compartment models can satisfactorily fit the data, the series model discussed by Neer, Berman, Fisher, and Rosenberg (11) was used as the basis of comparison. Steady-state compartment sizes, rate constants, and flow rates were calculated from the tracer and balance data by the Simulation, Analysis, and Modeling (SAAM) computer program of Berman and Weiss (12, 13) .
A physiological interpretation of the four compartment series model is shown diagrammatically in Fig. 1 . Flow rates and rate constants are designated by Vs and Xs, respectively. V, is the rate of dietary calcium entering the gastrointestinal tract. Va is the rate of calcium absorption into the labile calcium pool. The fractional gastrointestinal absorption, a, is the ratio of the rate of absorption to the rate of ingestion (a=V/V.I). VO is the rate of calcium resorption from bone. Calcium may leave the labile pool through accretion into nonexchangeable bone at a rate, Vo+, and by losses to urine and feces at excretion rates Vu and Vr, respectively. The theory and assumptions for this multicompartmental analysis have been discussed in detail in a previous report (11) .
Six of the subjects underwent paired studies on normal and either high or low calcium intakes, and therefore each served as his own control for analysis of the dietary perturbation. There is no reason to expect alterations in every parameter of the compartmental system after a dietary calcium change. The rationale in the analysis, therefore, was to determine a necessary and sufficient set of parameter changes as an hypothesis to explain the observations (14) . To accomplish this computationally, both sets of data from paired studies were used jointly in the computer least squares fitting procedure, with the constraint that one or more of the kinetic parameters have identical values for both studies.
RESULTS
Model testing. Kinetic data from paired studies were first analyzed individually. The least squares fitting procedure demonstrated significant parameter changes only in Au and Xf between each of the paired studies. Since other combinations of parameter changes may also fit the data, formal model testing was used to rigorously test these initial results.
No significant difference in serum calcium concentration was seen between the normal and high or low calcium intake periods (25 paired postabsorption blood samples from each subject; normal and low intake, 10 .46 ±0.05 mg/100 ml and 10.37 ±0.04 mg/100 ml, respectively, P < 0.2; normal and high intake, 10.27 + 0.04 mg/100 ml and 10.32 ±0.04 mg/100 ml, respectively, Tables II and III . Low calcium intake. With a 200 mg/day calcium intake, the calcium balance became negative in all patients (Fig. 2) , but no significant changes were seen in phosphorus or nitrogen balances. Excretion of radioactivity into urine and stool was decreased (Fig. 3 b) . Although the early points in the serum specific activity curves for normal and low calcium intakes were coincident (Fig. 3 a) , there was a definite decrease in the slope of the curve on low calcium intake beginning at about day 3. Since bone accretion rates could be held constant in the face of negative calcium balance, bone resorption rates had to be increased (Vo = Vo+-A). In all three subjects studied on low calcium intake, similar changes at kidney, gut, and bone were seen. The renal rate constant, Au, decreased by a mean of 31%, the gastrointestinal rate constant, Ar, fell by 19% and the bone resorption rate, Vo-, increased by 20%. Although the rate of dietary calcium absorption, Va, fell from a mean of 0.36 g/day on normal intake to a mean of 0.14 g/day on low calcium intake, the fractional absorption, a, increased by a mean of 81%. A typical response pattern is shown in Fig. 4 .
High calcium intake. The direction of the change was, in general, opposite that for the low calcium stud-72 Phang, Berman (Fig. 5) , and the excretion of radiocalcium in urine and feces increased (Fig. 6b) . There was an increase in the slope of serum specific activity curve but, as in the low calcium intake studies, early points in the specific activitv curves where coincident in the paired studies (Fig. 6 a) . Necessary and sufficient changes to explain the response to high calcium intake involved the same plarameters as those for lowv calcium intake, i.e., Au, Af, V., and VJ- (Fig. 4) .
In subject S. C., there was no increase in V. despite supplementation with calcium lactate to a daily intake level of 2000 mg of calcium (Table II) . There were also no other changes in model parameters except for Af. The gastrointestinal rate constant, Af, and fractional absorption, a, both fell while total fecal calcium excretion rate, VF, was greatly increased. Thus, it appears that in this subject, the gastrointestinal tract alone was adequate to maintain homeostasis in the face of high dietary calcium intake.
In subject K. B., Va weas increased on a 2000 mg/day calcium intake. Accompanying this increase in absorbed calcium was an increase of Af and a decrease in Vow. There was no change, how-ev-er, in V. or Au. The additional calcium for this subject wncas given by increasing milk intake, and therefore there was a commensurate increase in phosphorus intake. This may, in part, explain the lack of change in renal calcium excretion (see Discussion).
Pattern of homeostatic r-esponise. The constancy of the size of compartment 1, M1, reflected the unchanged mean values for postabsorptive serum calcium concentrations between paired studies. Thus, calcium homneo- (-25%) , and suggest a common mechanism. Since PTH has effects on kidney, gut, and bone which parallel the observed changes, it is attractive to hypothesize that increased PTH activity is the common factor mediating the target organ responses. Unfortunately, it has not yet been possible to test this directly. However, there is evidence from animal studies which supports this hypothesis (17) (18) (19) .
In spite of a response pattern to conserve calcium, a FIGuRE 7 Linear regression of the fractional change in Vo-, X., and xt on fractional change in V^. For each subject, fractional change in these parameters was calculated as the ratio of the difference produced by high or low dietary calcium intake to the value on normal calcium intake in that subject. M is the slope of the straight line passing through the origin and was calculated by the method of least squares Subject No. 6 is K.B. who had increased phosphorus intake accompanying the high calcium intake and also had isolated renal glycosuria.
negative calcium balance was produced in all four subjects on a 200 mg/day calcium intake. This is a wellknown phenomenon. One may argue that negative balance is only temporary and that additional time is required for complete metabolic adjustment. Even so, metabolic balance can only be achieved after there has been a definite decrease in total body calcium; i.e., plasma calcium homeostasis occurs at the expense of calcium in bone.
Phosphorus intake. The inorganic phosphorus content of the diet was decreased (-30%) during the low calcium intake studies (Table I) . Phosphorus balance, however, remained unchanged (Fig. 2) . Dietary phosphorus is known to affect renal, intestinal, and osseous calcium metabolism (20) , but these effects were related to hypophosphatemia and marked negative phosphorus balances, neither of which were present in our studies. Furthermore, a decrease in phosphorus intake would I intake. It has been shown that high phosphorus intake will decrease the urinary excretion of calcium in normal subjects (21, 22) . The lack of any increase in urine calcium excretion in K. B. may have been due to this effect. Also, K. B. had isolated renal glycosuria (11) . Although no other renal tubular defects were found, the failure of renal adaptation to calcium loading might represent a subtle form of nephropathy.
Gastrointestinal absorption of calcium. The rate of calcium absorption, V., is dependent on the rate of calcium ingestion, Vt. PTH control of this absorption process has been proposed by several investigators (23, 24) . The efficiency at which the ingested calcium is absorbed presumably is altered by PTH concentration which, in turn, is sensitive to plasma calcium concentration. A plot of V. vs. Vi in our studies suggests that V. approaches saturation with increasing Vt (Fig. 8) (25) . Hormonal control of the gastrointestinal absorption process, however, is not inconsistent with our data, and it is possible that both local and hormonal control mechanisms are present.
One might expect Xf to be affected in a manner paralleling the changes in the efficiency of calcium absorption, since the gastrointestinal rate constant is a composite of calcium secretion from the plasma (x.) and reabsorption from the gastrointestinal tract (x. * a) such that Xf = A. (i-a). The actual changes in Af observed, however, are smaller than predicted from the above relationship, a fact which suggests that the reabsorption of calcium secreted from the plasma is less than absorption of ingested calcium. This hypothesis was first proposed by Heaney and Skillman (26) . They suggested that secreted calcium may be divided into absorbable and nonabsorbable fractions such that only the absorbable portion is affected by changes in a. Recent studies by Birge' demonstrating variations in calcium absorption along the human gastrointestinal tract elaborates on Heaney and Skillman's hypothesis. As in the case of V., changes in At reflecting changes in a may be explained with or without invoking hormone regulation.
Kidney. The changes in Au occurred in the face of constant serum calcium concentration. It would be difficult to exclude the possibility that small changes in ultrafiltrable calcium or glomerular filtration rate were responsible for the changes in Au. More likely is a change in renal tubular reabsorption of calcium. A number of studies show that renal tubular reabsorption of calcium is increased by parathyroid hormone (27, 28) . It is reasonable and consistent, therefore, to hypothesize hormone regulation at the kidney in response to changes in calcium dietary intake.
A small but significant difference in serum calcium concentration with low calcium diets was reported by MacFadyen, Nordin, Smith, Wayne, and Rae (29) . These authors then correlated changes in urinary calcium excretion with changes in renal calcium filtered load. In our study, no significant difference in serum calcium concentrations was found between the normal and high or low calcium intake periods. This discrepancy between our data and that of MacFadyen et al. may be due to the different durations employed for equilibration on the low calcium diet. In MacFadyen's study, blood calcium determinations were obtained on 2 successive days with an acute perturbation in dietary calcium intake on the 2nd day. It may be that they observed differences in serum calcium concentration during a transient phase before completion of homeostatic responses in the gastrointestinal tract and bone.
Bone. In view of constant plasma calcium concentrations, changes in bone resorption rate (Vo-) are most likely due to hormonal control. This has been suggested by Jowsey and Gershon-Cohen (18) in studies of low calcium dietary effects in cats.
Stimulus for hormone secretion. The changes at kidney, gut, and bone produced by perturbations in dietary calcium intake are consistent with the regulatory effects of PTH. The stimulus for secretion of this hormone, however, is not apparent from our studies. It has been clearly demonstrated in cows that plasma PTH concentration is proportional to the degree of acute change in plasma calcium levels (30) . In our study, no significant difference in mean serum calcium concentrations could be detected at high and low calcium intakes. This would suggest either that hormone secretion changes its sensitivity to plasma calcium with chronic stimulation, or that another triggering mechanism for PTH secretion exists. The former hypothesis has been supported in part by studies in cows with milk fever (31) . The latter is suggested by studies in other hormone controlled metabolic systems where intestinal absorption may act as a triggering mechanism (32, 33) , but there has been no investigation of this possibility in calcium regulation in animals or in man. It must be pointed out, however, that we found small, hour to hour, fluctuations in plasma calcium concentration, and it is conceivable that these fluctuations may be factors in the regulation of PTH or TCT secretion.
Pattern of response. The correlation of bone resorption rate and renal and gastrointestinal rate constants to gastrointestinal calcium absorption rate may be of diagnostic and therapeutic significance. A number of rela-tively simple techniques are available for determining calcium absorption1 (34, 35 
